INTRODUCTION
The important beneficial effect of antitumor necrosis factor-(TNF-) treatment on the clinical course of ulcerative colitis (UC) and Crohn ' s disease (CD) has taught gastroenterologist the importance of modulating of specific immunological pathways therapeutically in these diseases. 1 Interleukin-33 (IL-33) is a newly described proinflammatory T H 2 polarizing cytokine 2 that could accomplish the requirements for being a new target in future treatment of immune-mediated diseases. IL-33 is quite dissimilar to other known immune mediators in that it is mainly produced by non-immunocompetent cells in the mucosa, but affects a wide array of immune cells. 3, 4 In intestinal inflammation, IL-33 is mainly involved in T H 2-type responses including immune reactions toward intestinal parasite infections and the inflammatory response found in UC, whereas IL-33 seems not to be involved in the T H 1 / T H 17-type response in CD. The present review focuses on the regulation of IL-33 expression, its roles as a cytokine, and how the characteristics of IL-33 signaling might impact intestinal inflammation, with emphasis on its role in UC.
SEARCH STRATEGY AND SELECTION CRITERIA
A search of English-language publications was performed in the PubMed database until April 2011. The following search terms were applied: IL-33 or ST2 alone or combined with one of the following terms: Colitis, Crohn ' s disease or inflammatory bowel disease, intestinal or ulcerative colitis. Englishlanguage reviews, letters, editorials, and articles were considered. No publication date restrictions were applied. Subsequently, articles were selected on the basis of their relevance to the text, and additional articles were identified by scanning their reference lists.
IL-33: INDUCTOR OF A T H 2 RESPONSE
IL-33 was first discovered in 2003 as the nuclear factor from high endothelial venules and was in 2005 described as a 30 kD protein belonging to the IL-1 cytokine family. 2, 5 The IL-1 family is a conserved family of genes with 11 members, including IL-1 , IL-1 , IL-18, and IL-33. 6 It was identified as a ligand for the ST2 receptor (also known as IL-1 receptor like 1 (IL-1RL1)), which prior to the identification of IL-33 was without known ligands. 7 In human and mice, the IL-33 protein is primarily expressed in endothelial cells of all organs and in epithelial cells of the intestine, airways, and epidermis, and additionally on the mRNA level in a number of other fixed tissue cells, such as fibroblast-like synovium cells, fibroblasts, adipocytes, and smooth muscle cells, in various organs. 8 -15 Although some reports indicate its expression in primary monocytes and macrophages (although this is debated and might not be the case in humans 2 ) and mast cells, IL-33 is in general not a cytokine expressed in leukocytes. 16 -18 Non-dermal and non-mucosal expression of IL-33 has additionally been reported, e.g., in the human liver during inflammation and fibrosis, and in human and mice joints during arthritis. 14,19 -24 A role for interleukin-33 in T H 2-polarized intestinal inflammation ? REVIEW IL-33 function as a proinflammatory cytokine by binding to the heterodimeric receptor complex consisting of the ST2 receptor and the widely expressed IL-1R accessory protein. 25, 26 The ST2 receptor is expressed on human and mice basophilic and eosinophilic granulocytes, mast cells, monocytes, dendritic cells, mice natural killer cells, NKT cells, and human and mice T H 2 lymphocytes, indicating that IL-33 has a broad range of effects on the immune system and on the inflammatory reaction. 2,27 -33 Studies based on mouse mast cell lines, mouse embryonic fibroblasts and HEK293 cells has shown that binding of IL-33 to the ST2 / IL-1RAP receptor heterodimer allows myeloid differentiation primary response protein 88 (MYD88) to associate with the intracellular part of the IL-1RAP, thereby recruiting IL-1R-associated kinase 1 (IRAK1) and IRAK4 to the receptor complex ( Figure 1 ). 2 The IRAKs subsequently induces activation of mitogen-activated protein kinases (MAPK), extracellular signal-regulated kinase 1 (ERK1), ERK2, p38, and JUN N-terminal kinase 1 (JNK1) through TNF receptor-associated factor 6 (TRAF6) and nuclear factor B pathway. 2, 34, 35 The mere fact that the ST2 receptor is expressed on T H 2 lymphocytes and not on T H 1 lymphocytes suggest that IL-33 acts as an Th2 polarizing cytokine. 2, 36 Stimulation of T H 2 cells with IL-33 induces IL-5 and IL-13 (both typical Th2 cytokines 37 ) independently of a IL-4 stimulation, and IL-33 acts as a chemoattractant for T H 2 cells. 2, 38, 39 Further, IL-33 induces eosinophilia and activation of eosinophils to express the CXC-chemokine ligand 8 (CXCL8, also known as IL-8) and superoxide production, 32, 40, 41 and it activates mast cells to secrete IL-1, IL-6, IL-13, TNF-, and the CC-chemokine ligand 2 and 3 (CCL2 and CCL3). 31,34,42 -45 In basophils, IL-33 induces secretion of IL-4, IL-13, and CXCL8 and also induces basophil cell expansion. 29, 46, 47 Altogether, IL-33 promotes the activation of granulocytes and T cells to express cytokines which are typical of Th2-type responses. IL-33 is indirectly involved in attracting neutrophilic granulocytes, which do not express the ST2 receptor, through induction of the CXCL8 chemokine. 41, 46, 48, 49 The response to IL-33 is most likely dependent on co-stimulation factors and immune cell differentiation since both mice and human T H 2 cells, natural killer and natural killer T cells are capable of producing both interferon-and other T H 1-type cytokines in response to different co-stimulatory regimens with IL-33. 32,33
JB

THE BIOACTIVE FORM OF IL-33
Despite the increasing evidence of IL-33 being involved in inflammatory signaling, the actual way of inducing IL-33 upregulation, and especially IL-33 release from the cells, remains a controversial topic. IL-33, as most other IL-1 family cytokines, lacks signal peptides and is consequently not secreted through the classical secretory pathway engaged by several other cytokines. IL-33 is expressed as a pro-form with a N-terminal pro-domain. IL-33 was first described to be a caspase 1 substrate similar to IL-1 , IL-1 , and IL-18. For those latter cytokines activation of the multiprotein complex, the inflammasome leads to caspase 1 activation, which subsequently cleaves and matures the cytokines by removing the pro-domain. 2,50 -52 However, others have shown that IL-33 may normally not be cleaved by caspase 1. 17,53 -55 Much experimental work on activation of immune cells by IL-33 has been performed with the use of human recombinant mature IL-33, 29, 31, 56 but it is still uncertain if this is the bioactive form. 57 Indeed, there is evidence of IL-33 not being a natural substrate for caspase 1, 17, 55 and that IL-33 is secreted in its pro-form. 17 Further, the pro-form of IL-33 is able to activate target cells via the ST2 receptor. 17, 54, 55 In fact, two groups have independently reported that IL-33 cleavage by caspase 1 (and other caspases) might attenuate the biological activity of IL-33 in vivo and in vitro . 54, 55 On the other hand, in situ processing and maturing of pro-IL-33 by THP-1 cells have been reported. 17 The ability of pro-IL-33 to activate cells could thus be caused by local processing of pro-IL-33 to mature IL-33, which could then bind to the ST2 receptor. The available evidence thus indicates that both pro-IL-33 and matured IL-33 could be the active form of the cytokine.
IL-33 can be expressed in the nuclei of cells. 11, 16, 57 This expression pattern is also observed for other cytokines, e.g., pro-IL-1 and high-mobility group box 1. 58, 59 High-mobility group box 1 and pro-IL-1 have been shown to be released during necrosis of cells, and in part they mediate the inflammatory response seen in necrosis by acting as " alarmins " that both recruit and activate immune cells. 60, 61 In contrary, during apoptosis, these mediators are proteolysed and inactivated by caspases, thereby avoiding inflammation. 62 Similar to high-mobility group box 1 and IL-1 , IL-33 is released by necrosis and cleaved and inactivated by caspases during apoptosis, and IL-33 has accordingly by some researchers been classified as an alarmin. 9, 54, 55, 57 It is, however, evident that IL-33 is produced and released from non-necrotic cells, 17 and therefore that IL-33 acts as a more classic cytokine, apart from the putative role as an alarmin. 57
IL-33 IN INTESTINAL INFLAMMATION
The intestine is an immune organ, which upon infection or dysregulation of the immune system can mount inflammatory responses. These T-cell-mediated responses have broadly been divided into T H 1, T H 2, and T H 17-type responses depending on the type of T helper cells and cytokine profiles involved. 63, 64 Helminth infection responses are prototypes of T H 2 responses, 65 and a similar response is thought to play a key role in the immune reaction of UC, whereas inflammation in CD is characterized by a T H 1 / T H 17-type response. 64, 66 As IL-33 produces a T H 2-type response in a number of immune cells, it has been of interest to investigate if this cytokine is involved in typical T H 2-type intestinal immune reactions.
IL-33 IN UC
IL-33 was recently found to be significantly upregulated, both on the mRNA and protein level in colonic epithelial cells from patients with active UC, as compared to patients with quiescent disease and control subjects. 4 IL-33 was expressed primarily in the cytoplasm of the colonic epithelial cells. Endothelial cells normally express IL-33, but do not so in active UC. This finding can be explained by a previous report of a decreased endothelial REVIEW IL-33 expression in endothelial cells exposed to proinflammatory cytokines. 67 The finding of upregulated IL-33 in active UC has later been confirmed by Pastorelli et al. , 22 who also found an increased expression of IL-33 in epithelial cells in active UC, and in lamina propria inflammatory cells, with the intestinal IL-33 being in its pro-form, whereas circulating IL-33 was found elevated in its matured form. The explanation for the lack of expression of matured IL-33 in the mucosa and epithelium could be that colonic epithelial cells express very low levels of cleaved active caspase 1 in active UC. 4 Infliximab treatment reduced circulating IL-33 levels in patients with UC, but it was not reported if the disease activity correlated with circulating IL-33 levels. 22 Flow cytometry of lamina propria mononuclear cells from patients with UC revealed that macrophages (CD11b + ) and apparently B cells (CD19 + ) had an expression of IL-33. A parallel report confirmed an increased mucosal IL-33 expression in epithelial cells in UC. 68 This group, however, found IL-33 abundantly expressed in control specimens as well, including epithelial cells. Additionally two recent reports have described IL-33 to be increased primarily in ulcerationassociated myofibroblasts in active UC. 3, 69 Altogether, these results point to an increased expression of IL-33 in the mucosa of patients with active UC. Both epithelial cells and myofibroblasts seem to be contributors to the IL-33 production in active UC: Epithelial cells could be the primary source of IL-33 in mild-to-moderate UC without macroscopic lesions of the mucosa, whereas myofibroblasts become activated to produce IL-33 by mucosal wounding and mucosal exposure to luminal antigens in severe UC. In the latter case, IL-33 could be regarded as an alarmin in severely active UC.
The ST2 receptor has been reported to be upregulated in active UC on CD11b + macrophages and CD4 + lymphocytes. 22 ,68
Figure 1
Interleukin-33 (IL-33) signaling pathways. IL-33 binds to the heterodimer receptor complex consisting of ST2 and IL-1 receptor accessory protein (IL-1RAP). The binding leads to recruitment of myeloid differentiation primary response protein 88 (MYD88) and tumor necrosis factor receptorassociated factor 6 (TRAF6). 35 This leads to nuclear factor B (NF-B) activation and activation of the mitogen-activated protein kinases (MAPK) p38, signal-regulated kinase (ERK), and JUN N-terminal kinase (JNK), which are strong inducers of proinflammatory cytokines and chemokines known to be involved in inflammation in ulcerative colitis. 80, 81 REVIEW Interestingly, the ST2 receptor is expressed in colonic epithelial cells in control specimens, whereas this expression is significantly decreased in active UC, both on the mRNA and the protein level. 22 Both studies also found an increase in the IL-33, binding soluble form of the ST2 receptor, the decoy sST2 receptor in active UC sera as compared with controls. 22, 68 What actually activates IL-33 expression and secretion is much less investigated than the effects of IL-33 stimulation on target cells. However, in immortalized human fibroblasts, IL-33 could be induced by the Toll-like receptor 3 agonist poly (I:C), and the expression could be enhanced by transforming growth factor-co-stimulation. 69 Isolated colonic myofibroblasts and fibroblasts responded with an increased IL-33 expression to a combination of TNF-and IL-1 stimulation, 3,69 whereas similar cytokine exposure of the colonic epithelial Caco2 cell line did not affect the IL-33 expression. 3, 4 However, IL-33 has been found to be induced by TNF-treatment of the HT29 colonic epithelial cancer cell line, suggesting cell-line-specific differences. 22 Both IL-1 and TNF-can together with stimulation of Toll-like receptors 2, 3, 9 and mechanical strain upregulate IL-33 in a number of cell types, but their effect on intestinal epithelial cells have not yet been investigated, apart from the role of TNF-in HT29 cells. 2, 8, 14, 21, 70, 71 A proposed integrated model of the IL-33 / ST2 signaling in UC is presented in Figure 2 .
IL-33 IN OTHER FORMS OF INTESTINAL INFLAMMATION
The first study associating IL-33 with inflammatory bowel disease actually indicated that it was upregulated on the mRNA level in endothelial cells from CD patients, although this study did not include UC specimens. 11 Subsequent studies did, however, show little or no change of the mucosal IL-33 expression in both active and quiescent CD, and IL-33 is not considered to play any key role in this disease. 3, 22, 68, 69 IL-33 might also play a potential role in intestinal parasite infection. Infection of mice with Trichuris muris , which were resistant to the parasite, lead to an increased expression of IL33 mRNA compared with animals susceptible to the infection, and treatment with recombinant IL-33 rendered the susceptible animals resistant to infection. 72 This resistance to infection was accompanied by induction of a T H 2-type cytokine profile, and repression of T H 1 and T H 17-type cytokines. Likewise, IL-33 has been shown to be upregulated in the dextran sulfate sodium and senescence accelerated prone mouse-mice colitis models, which are experimental T H 2-type and T H 1 / T H 2-type inflammation response acute colitis models, respectively, whereas IL-33 is actually downregulated in the severe combined immunodeficiency transfer mouse model of chronic colitis, which has a T H 1-type cytokine response (own observations plus 22, 73 ). . IL-33 is produced by epithelial cells and mucosal myofibroblasts where the mucosa is wounded. IL-33 results in the activation of a number of leukocytes, which respond by producing proinflammatory cytokines, IL-4, IL-5, IL-6, IL-13, and tumor necrosis factor-(TNF-) and the chemokines chemokine (C-C motif) ligand 2 and 3 (CCL2 and CCL3) and CXC-chemokine ligand 8 (CXCL8). IL-33 might be produced by colonic epithelial cells in response to TNF-. It is suggested that stimulation of Toll-like receptors 2, 3, and 9 (TLR2, TLR3, and TLR9) by bacterial products could also contribute to IL-33 in epithelial cells, as this has been found in other cell types. However, this has not been shown for colonic epithelial cells yet. Myofibroblasts might be stimulated to produce IL-33 by TNF-, IL-1 , and transforming growth factor-(TGF-). It is suggested that myofibroblasts near wounds could also release IL-33 as an alarmin in response to cellular stress induced by the mucosal break.
REVIEW
IL-33 AS A THERAPEUTIC TARGET
The IL-33 / ST2 receptor axis has recently been the therapeutic target in models of chronic inflammation in the airways and joints. This includes an murine model of asthma, where an anti-IL-33 antibody was administered intraperitoneally and reduced inflammation and mucus secretion as well as eosinophilic counts, immunoglobulin E secretion, and IL-4 -5 and 13 concentrations of bronchial lavage. 74 Another approach was to treat mice with experimental arthritis with anti-ST2 antibodies. 14 This treatment resulted in the decrease of arthritis severity and a concomitant decrease in interferon-and IL-17 production. A similar inflammation dampening effect of anti-ST2 antibodies has been observed in an animal model of chronic airway inflammation. 75 As UC is recognized as a chronic inflammatory condition with a T H 2-type cytokine profile, 66,76 -79 and also is characterised by an increased expression of the T H 2 polarizing IL-33, it is tempting to speculate that IL-33 might play a pivotal role in orchestrating the inflammation seen in UC. Given the exciting results with anti-IL-33 and anti-ST2 treatments in other chronic inflammatory conditions, it is conceivable that a similar treatment would additionally be beneficial for the treatment of UC.
CONCLUSIONS
Although IL-33 was identified only few years ago, it is now evident that this widely expressed cytokine plays a key role in different T H 2-type inflammatory conditions by activating a number of immune cells. Accordingly, the current evidence suggests that IL-33 might primarily be involved in T H 2-type intestinal inflammation induced by parasite infection or UC. IL-33 is upregulated in active stages of UC by an increased expression in both epithelial cells and subepithelial myofibroblasts of the colon. The significance of this upregulation remains to be established, as does the identification of signaling pathways responsible for the upregulated IL-33 expression. Thus, functional studies blocking IL-33 / ST2 receptor signaling in experimental models of colitis are highly warranted. Therapeutic attempts to modify this pathway have, however, been successful in animal models of other types of chronic inflammation than colitis, and targeting the ST2 / IL-33 pathway might as well be found to have an analogous relevance in the future management of UC.
